Transition metals, including iron, zinc, manganese, nickel, and copper, participate in many structural and catalytic functions that are necessary to support the pathogenesis of bacterial infections. However, the ease with which these metals promote cellular electron trafficking also gives them potential to engage in destructive metal-based reactions (25, 59 ). Thus, a successful pathogen must evolve mechanisms to control the availability and distribution of individual metals within the bacterial cell while exposed to a dynamic host environment with profoundly fluctuating transition metal abundance (13, 15, 41, 62) .
Evidence is emerging to suggest that the mechanisms by which Streptococcus pyogenes (group A streptococcus) interacts with transition metals play an important role in its ability to cause disease. This gram-positive bacterium is the causative agent of numerous diseases of soft tissue, ranging from selflimiting (e.g., pharyngitis) to destructive and life-threatening (e.g., necrotizing fasciitis), as well as serious postinfectious sequelae such as rheumatic fever and acute glomerulonephritis. A number of metal transporters of S. pyogenes have been characterized, and several of these have been shown to play roles in the virulence of streptococcal infection in various animal models (3, 4, 40, 41, 57, 70) . However, the full repertoire of metal transporters and regulatory elements that comprise the metalloregulatory network of S. pyogenes has not been characterized. In particular, the import and export proteins specific for each of the important transition metals have not been identified. Consequently, global understanding of S. pyogenes transition metal metabolism is not well developed, especially for the situation when S. pyogenes is exposed to and influenced by host defenses. This is particularly true for zinc.
Zinc is the second-most-abundant transition metal in humans, and it serves as a structural element or cofactor for numerous surface proteins, enzymes, and regulatory proteins (22, 76) . Since high concentrations of zinc can be toxic, most bacterial species maintain zinc homeostasis using transcriptional regulatory controls to balance the expression of genes encoding both zinc import and zinc export proteins. The result is that the intracellular zinc concentration is maintained in a narrow range. For example, analysis of Escherichia coli has shown that the intracellular concentration of zinc varies only over a femtomolar range (25, 62) . The S. pyogenes genome lacks the transcription regulator Zur, which plays an important role in regulation of zinc homeostasis in other gram-positive pathogens (63) . However, the S. pyogenes genome does encode PerR, which along with Zur is a member of the Fur family of metal-binding regulators (38, 70) . Acting primarily as a repressor, PerR regulates expression of genes involved in oxidative stress in S. pyogenes and other gram-positive species (10, 32, 38, 44, 70, 81) . Deletion mutants that lack PerR are highly attenuated in models of soft tissue infection, despite their hyperresistance to oxidative stress (6, 70) . Transcription profiling of the HSC5 strain in mid-logarithmic phase has revealed that deletion of perR results in highly altered levels of expression of six genes (8) . In HSC5, only the promoter of pmtA, which encodes a putative P-type zinc efflux pump, contained a binding site for PerR (8) . Of the remainder, four genes were only indirectly regulated by PerR but were under the direct control of the repressor AdcR (8) . This regulator was originally identified as a repressor of the Adc operon, which encodes the components of an ABC-type metal permease that functions in the importation of zinc (8, 63) . Another recent study using a different strain of S. pyogenes reported five genes with greater than threefold differences in transcription at the comparable growth phase, including pmtA and two from the AdcR operon, rpsN.2 and adcA (32) . Taken together, these data suggest that there is overlap between how S. pyogenes maintains zinc homeostasis and how it adapts to oxidative stress. However, since none of the proteins encoded by the four AdcR-regulated genes were found to contribute to resistance to oxidative stress (8) , the significance of this relationship is not clear.
An additional complication is that the functions of the polypeptides encoded by several of the AdcR-regulated genes are not known. For example, the protein Lsp (23) was originally identified on the basis of its homology to a lamininbinding adhesin of Streptococcus agalactiae (79) . Further, an Lsp mutant was found to have defective ability to adhere to epithelial cells (23) . It was also recognized that Lsp had a high degree of similarity to PsaA of Streptococcus pneumoniae, a member of the cluster 9 family of ligand-binding components of the ATP-binding cassette (ABC-type) transporter superfamily (16, 21) . Members of the cluster 9 family are involved in metal transport, most commonly with Zn 2ϩ and Mn 2ϩ (2, 16, 34, 35, 48, 67) . While PsaA is a protective antigen of S. pneumoniae (9, 77) and PsaA-deficient mutants also show an adherence defect, it appears that adherence is affected indirectly via a reduction in the ability of the mutants to transport Mn 2ϩ (43, 56, 71) . Thus, PsaA may make its principal contribution to virulence as a component of an ABC-type Mn 2ϩ transporter. The similarity between PsaA and Lsp suggests that Lsp also may be involved in Mn 2ϩ transport. However, the heterogeneity in binding pocket architecture that has been revealed by structural analyses of multiple cluster 9 polypeptides has shown that binding site homology alone does not prove to be a reliable predictor of which metal(s) can be bound by any particular family member, especially in the setting of physiological metal concentrations (2, 35, 53) .
Our previous studies using a murine soft tissue infection model have shown that lsp is upregulated several hundredfold during infection compared with culture under standard in vitro conditions (8) . Thus, further characterization of the function of Lsp has the potential to provide significant insight into streptococcal pathogenesis and especially into the nature of the tissue environment to which S. pyogenes must rapidly adapt. In the present study, we probed the function of Lsp through the construction of both a deletion mutant and mutants that express Lsp polypeptides that were altered in specific functional residues. The latter included those which contributed to the architecture of its putative metal-binding site. These mutants were then characterized to test: (i) the role of Lsp in Zn 2ϩ and Mn 2ϩ homeostasis, (ii) whether Lsp contributes to the ability of S. pyogenes to cause disease in soft tissue, and (iii) whether the role of Lsp in virulence is specifically linked to a role in metal homeostasis.
MATERIALS AND METHODS
Strains, media, and growth conditions. Molecular cloning experiments routinely utilized E. coli TOP10 (Invitrogen, Carlsbad, CA). The construction of an
Lsp
Ϫ mutant (AB103) containing an in-frame deletion of lsp from the chromosome of wild-type strain HSC5 (33) was described in a previous study (8) . Other mutant derivatives of HSC5 were constructed as described below. Unless otherwise indicated, S. pyogenes was cultured in Todd-Hewitt broth (BBL) supplemented with 0.2% yeast extract (Difco) (THY medium) under conditions described previously (80) . To produce solid medium, Bacto agar (Difco) was added to THY medium to a final concentration of 1.4%, and all solid cultures were incubated under anaerobic conditions using a commercial gas generator (GasPak; BBL catalog number 260678). Culture for infection of mice was conducted as described previously (7) . Strains of E. coli were cultured in LuriaBertani broth (75) . Where appropriate, antibiotics were used to supplement media at the following concentrations: kanamycin, 50 g ml Ϫ1 for E. coli; erythromycin, 750 g ml Ϫ1 for E. coli and 1 g ml Ϫ1 for S. pyogenes, and chloramphenicol, 3 g ml Ϫ1 for S. pyogenes. DNA techniques. Plasmid DNA was isolated by standard methods and used to transform E. coli by a standard method (47) . Transformation of S. pyogenes was performed by electroporation as previously described (12) . Restriction endonucleases, ligases, kinases, and polymerases were used according to the manufacturer's recommendations. Chromosomal DNA was purified from S. pyogenes as described previously (12) . Rapid PCR amplification of streptococcal DNA from crude lysates was performed using a standard method (39) . The sitedirected mutations described below were generated by PCR using a commercial kit (QuikChange; Stratagene) following the protocols recommended by the manufacturer. The fidelity of all plasmid constructs was confirmed by DNA sequencing, which was performed by a commercial service (SeqWright, Houston, TX).
Construction of mutants. For consistency with our prior publications, unless otherwise indicated, all references to genomic loci and the sequences presented are derived from the genome of S. pyogenes SF370 (24) . Sequence analysis revealed that lsp in HSC5 encodes a predicted protein that is identical to that encoded by lsp in the reference genome. Construction of the in-frame deletion mutant (AB103) of lsp (SPy_2007) has been described previously (8, 72) . Additional mutants that expressed Lsp polypeptides altered by the replacement of selected histidine residues by alanines were constructed. The mutant lsp alleles were constructed using the primers listed in Table 1 and the method described in detail below and elsewhere (54). The resulting alleles were then used to replace the chromosomally encoded lsp by the method of Ji et al. (42) . The correct chromosomal sequence for all mutants was confirmed by DNA sequence analysis of PCR products generated using the appropriate primers ( Table 1 ). The resulting strains are BFW100 (HSC5 lspH66A) and BFW101 (HSC5 lspH142A).
Plasmids for expression of lsp derivatives. A plasmid for expression of lsp was constructed as follows. Primers BFW050 and BFW052 (Table 1) were used to amplify a fragment from HSC5 chromosomal DNA that contained lsp along with a streptococcal ribosome-binding site and start codon derived from the gene encoding mitogenic factor (28) . The fragment was digested with EcoRI and PstI and inserted between the compatible EcoRI and PstI sites of pABG5, a derivative of the E. coli-streptococcal shuttle vector pLZ12 (31) . As a result, lsp is placed under the control of the well-characterized rofA promoter (31) . The DNA sequence of the resulting plasmid, pLsp, was confirmed and was then used as a template for site-specific mutagenesis with the primers described in Table 1 and the method described above to change selected codons to encode alanine residues. These included C20A, H66A, and H142A, and the resulting plasmids (pLspC20A, pLspH66A, pLspH142A, respectively) were used to transform HSC5 or AB103 as described below.
Metal chelation growth yield assays. The abilities of various S. pyogenes strains to adapt to environments restricted for zinc were quantitatively compared by a growth yield method that was derived from a metal sensitivity assay described previously (27, 58) . Standard THY medium was supplemented with the zincspecific chelating agent N,N,NЈ,NЈ-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) (Sigma) over a range of concentrations as noted below. Various strains of S. pyogenes cultured overnight in unsupplemented THY medium were used to inoculate 3 ml of TPEN-containing medium contained in 15-ml polyethylene conical tubes at a final ratio of 0.1% (vol/vol). The tube caps were then tightly sealed and the cultures incubated overnight at 37°C. Growth yield was then determined by measurement of optical density at 600 nm and reported relative to that of the wild-type reference strain grown in unsupplemented medium. In order to ensure that relative growth yields were not influenced by any zincindependent effects of plasmid maintenance, the plasmid vector pABG5 was introduced into wild-type and Lsp Ϫ mutant strains and culture of all strains was conducted in the presence of chloramphenicol. The specificity of the effect of treatment on growth yield was assessed at selected concentrations of TPEN by the addition of equimolar concentrations of either ZnCl 2 or MnCl 2 . Unless otherwise indicated, data presented represent the mean value and standard error of the mean derived from at least two independent experiments.
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Murine subcutaneous ulcer model. The method of Bunce et al. (11) as modified by others (52, 74) was used to assess the ability of various S. pyogenes strains to cause disease in soft tissue as described in detail elsewhere (7) . Data presented are pooled from two independent experiments, in which each experimental group consisted of five SKH1 hairless mice (Charles River Labs) between 5 and 8 weeks of age.
Statistical analyses. The difference between the numbers of mice developing an ulcer following subcutaneous challenge with the wild-type and mutant strains was tested for significance by the chi-square test with Yates' correction (30), and differences in the areas of the resulting ulcers were tested by the Mann-Whitney U test (30) . Differences in growth yields of various strains under conditions of zinc limitation were tested for significance with the chi-square test as described above. For all test statistics, the null hypothesis was rejected when the P value was Ͻ0.05.
RESULTS
An Lsp deletion mutant is highly attenuated. We previously reported that lsp and the other AdcR regulon genes are profoundly derepressed during infection of soft tissue by a wildtype strain in the murine subcutaneous ulcer model of S. pyogenes infection (8) . In order to assess the overall contribution of lsp to virulence, the ability of an Lsp-deficient mutant to cause disease in the murine model was assessed. Because lsp (SPy_2007) is cotranscribed with an additional member of the Adc regulon (phtD, SPy_2006), we utilized a previously characterized mutant constructed to contain an in-frame deletion of the lsp open reading frame (7) . No differences in growth rate and yield were noted for in vitro growth in several different standard culture media (8) . For the wild-type strain used in this study (HSC5), injection into the subcutaneous tissue of an SKH1 hairless mouse results in a local draining ulcer that attains a maximum size at 3 days postinfection. Thereafter, the ulcer heals during the ensuing 10 to 14 days (7). It was found that the mutant was significantly attenuated in its ability to cause lesions (Fig. 1) . When examined at the time of maximal lesion size caused by the wild type (3 days), only 30% of the mice infected with the mutant strain had developed a visible lesion, compared with 100% of the mice infected by the wild type (P ϭ 0.005). These results did not change over the duration of the experiment (5 days), and for those few mice that did develop lesions, these lesions were significantly smaller than those produced by the wild-type strain (P Ͻ 0.001). These data indicate that upregulation of lsp expression during infection correlates with the virulence of S. pyogenes to cause disease in this soft tissue infection model. Lsp ؊ mutants are more sensitive to zinc starvation. In considering the mechanism by which Lsp is required for virulence, a Restriction sites engineered for cloning purposes are underlined. b Primers are described according to their purposes as follows: "amplification" primers amplify the region containing the gene of interest for construction of mutant S. pyogenes strains, and "deletion" primers were used to amplify genes of interest for cloning into a streptococcal expression vector as described in Materials and Methods.
FIG. 1. Lsp
Ϫ mutants are attenuated. The virulence of a strain lacking Lsp (Lsp Ϫ ) was compared with that of its wild-type parent (WT) in the murine model of subcutaneous infection. The data shown are pooled from two independent experiments. Each symbol represents the area of ulcer observed in an individual mouse, and the horizontal bar indicates the mean value obtained for the set of 10 mice. Symbols that bisect the x axis represent animals that failed to develop any discernible lesions. The Lsp Ϫ mutant was significantly less virulent than the wild type compared both on the basis of lesion area (P ϭ 0.005) and in terms of the number of animals that developed lesions (P Ͻ 0.001).
the similarity between PsaA and Lsp suggests that the latter may also be a member of the cluster 9 family of the solutebinding components of an ABC transporter. Because this family is associated with transporting transition metals (16, 21) and since lsp is regulated by the putative zinc-responsive regulator AdcR (63) , it was of interest to determine if Lsp contributed to biological zinc homeostasis. We adapted an assay that uses titration of the zinc-specific chelator TPEN in growth media (27, 58) to compare the abilities of mutant and wild-type strains to grow under conditions of zinc starvation. Growth of the wild type and the Lsp Ϫ mutant is similar when zinc is plentiful. One strength of the assay used for testing growth yield under conditions of zinc starvation is the ability to selectively chelate zinc in otherwise standard media. On the other hand, slight differences in zinc concentration exist between different preparations of media (within a 5 M range), which is reflected in the figures, though the relationships are consistent. This analysis revealed that when measured over a range of TPEN concentrations, the Lsp Ϫ mutant demonstrated a hypersensitivity to zinc starvation compared to the wild-type strain [compare WT(pVec) to Lsp Ϫ (pVec) in Fig. 2 ]. This defect was associated with the loss of Lsp, since complementation with a plasmid-encoded copy of the wild-type lsp significantly improved the mutant's ability to grow in zinc-depleted medium [Lsp Ϫ (pLsp) in Fig. 2 ]. These data implicate Lsp as an important component of the Zn 2ϩ homeostasis network of S. pyogenes.
A predicted lipidation residue is essential for Lsp function. In gram-positive bacteria, the cluster 9 solute-binding proteins are anchored to the membrane as lipoproteins, presumably supporting their interaction with other components of the transporter complex. Consistent with this, a computational analysis predicted that Lsp possesses a canonical signal peptidase IIdependent lipoprotein signal sequence, with a predicted lipidated cysteine at residue 20. In order to test whether the ability of Lsp to support growth under zinc-restricted conditions is consistent with the behavior of a lipoprotein, site-directed mutagenesis was used to substitute an alanine residue at position 20 for the cysteine residue encoded on a plasmid-carried copy of lsp. The resulting plasmid (pLspC20A) was then introduced into the Lsp deletion strain for comparison of its growth phenotype to that of the wild type in the TPEN titration assay. The growth profile of the strain expressing this mutant Lsp allele was more sensitive to zinc starvation than both the wild-type and the complementation strains (Fig. 2) . Thus, LspC20A was defective in its ability to support growth in medium in which zinc concentrations are limiting. These data implicate Lsp as a lipoprotein whose location at the membrane is important to support its role in zinc homeostasis.
Zinc, but not manganese, rescues growth of an Lsp ؊ mutant in zinc-poor conditions. Similarities of binding site architecture make it difficult to predict the specific metals bound by cluster 9 proteins (2). As an example, PsaA was crystallized with what appears to be Zn 2ϩ in its binding pocket; however, the growth of PsaA mutants under conditions of metal limitation can be rescued only by Mn 2ϩ and not by Zn 2ϩ (56) . In the data presented above, the loss of Lsp was associated with a reduced ability to grow under conditions of zinc starvation. However, the limited ability of TPEN to chelate some Mn 2ϩ may have induced manganese stress on Lsp Ϫ mutants. To examine this possibility, either 50 M Zn 2ϩ or Mn 2ϩ was added to medium containing TPEN and the growth yield of the Lsp Ϫ mutant was compared with that in untreated medium. Consistent with the data presented above, the mutant was able to grow normally in medium that did not contain TPEN but was unable to grow in TPEN-treated medium (Fig. 3) . In contrast, the addition of Zn 2ϩ supported the growth of the FIG. 2. Lsp mutants are sensitive to zinc starvation. Growth of the wild type (WT) was compared to that of the Lsp deletion mutant (Lsp Ϫ ) as well as to the Lsp Ϫ strain complemented with a plasmid expressing either wild-type Lsp (pLsp) or Lsp modified to lack its putative lipidation residue (pLspC20A). Zinc starvation was imposed by the addition of increasing concentrations of TPEN as shown, and growth is presented relative to that of the wild type without vector cultured in the absence of TPEN or antibiotic (reference culture). To control for any zinc-independent effects on growth caused by maintenance of a plasmid, empty vector plasmid pABG5 (pVec) was introduced into the WT and Lsp Ϫ strains and all cultures conducted in medium supplemented with chloramphenicol. The data reported represent the means and standard errors of the means derived from at least two independent experiments. Asterisks indicate P values of Ͻ0.05.
FIG. 3. Zinc rescues the Lsp
Ϫ phenotype. Growth of the Lsp Ϫ mutant in unmodified and TPEN-treated media was compared with that in media supplemented with equimolar zinc and manganese, as indicated. Growth is presented relative to that of the mutant in unmodified medium (reference culture). For consistency with other experiments, empty plasmid vector pABG5 was introduced into the Lsp Ϫ mutant and all cultures were conducted in media supplemented with chloramphenicol. Data reported represent the means and standard errors of the means derived from at least two independent experiments. The asterisk indicates a P value of Ͻ0.05.
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on February 20, 2013 by PENN STATE UNIV http://iai.asm.org/ mutant in medium containing 50 M TPEN to produce a final yield that was indistinguishable from growth in untreated medium (Fig. 3) . Growth could be rescued only by the addition of Zn 2ϩ and supplementation, of TPEN-treated medium with Mn 2ϩ failed to support growth (Fig. 3 ), even when examined over a broad range of Mn 2ϩ and TPEN concentrations (data not shown). Thus, while it cannot be excluded that Lsp interacts biologically with both Mn 2ϩ and Zn 2ϩ , these data do establish an important role for Lsp in zinc homeostasis in TPEN-treated medium.
Mutations of residues in a predicted metal-binding site of Lsp alter growth in zinc-restricted media. Similar to the case for PsaA Ϫ mutants of S. pneumoniae (5, 71), Lsp Ϫ mutants of S. pyogenes have a defect in their ability to adhere to cultured host cells (23) . However, subsequent analyses of PsaA Ϫ mutants have suggested that the adherence defect is an indirect result of an imbalance in metal homeostasis promoted by the loss of PsaA (43) . Thus, it was of interest to determine whether the contribution of Lsp to virulence is associated with its role in promoting metal homeostasis. The strategy was to construct mutant Lsp alleles altered in their abilities to promote growth under conditions of zinc limitation for subsequent evaluation in models of virulence. The T-COFFEE method (60, 66) was used to compare the Lsp amino acid sequence to those of several other cluster 9 family members for which three-dimensional structures have been determined, including PsaA (48) and AdcAII (53) from Streptococcus pneumoniae, TroA from Treponema pallidum (49, 50) , and ZnuA from Synechocystis sp. strain 6903 (2) . The alignment highlighted several conserved histidine residues involved in the Zn 2ϩ coordination complex in the binding pockets of these proteins that are also conserved in Lsp (see Fig. S1 in the supplemental material). Two of these (H66 and H142) were targeted for site-specific substitution with an alanine residue, and the resulting mutant alleles were expressed from a plasmid in the Lsp Ϫ deletion strain. Analyses of the resulting mutants revealed that both produced strong phenotypes with respect to growth under conditions of zinc limitation. The H66A mutant manifested a growth yield phenotype under zinc starvation conditions that is indistinguishable from the defective phenotype observed with the Lsp Ϫ deletion strain (Fig. 4) . In addition, introduction of the H66A expression plasmid into a wild-type background had a dominant-negative effect, as expression of H66A in a wild-type background consistently reduced the ability of the resulting strain to adapt to zinc starvation compared to the wild-type strain with the empty vector alone (Fig. 5) . A dominant-negative effect is consistent with the behavior expected when expression of a nonfunctional polypeptide competes with the wild-type protein for assembly into a multisubunit transporter, in this case an ABC-type transporter. A markedly different effect resulted from the H142A substitution. Expression of this protein in the Lsp Ϫ mutant results in a strain that is hyperresistant to zinc limitation, as shown by the observation that the growth of the H142A mutant is virtually unaltered at TPEN concentrations that block essentially any growth by the wildtype strain (Fig. 4) . It should be noted that the reference culture for Fig. 4 is the wild type without added vector or antibiotics and that the other strains are given for comparison, indicating the effect of the vector/antibiotic system upon overall growth. Wild-type and Lsp Ϫ strains grown in identical standard medium preparations do not show significant differences in growth, with the differences being observed only as zinc becomes scarce. Taken together, these data show that manipulation of Lsp residues implicated in binding metal produces mutants with altered abilities to grow under conditions of zinc limitation.
Lsp mutants with altered metal phenotypes are attenuated in virulence. The availability of Lsp mutants with altered metal phenotypes allowed an assessment as to whether the effect of Lsp upon zinc homeostasis was also associated with an ability to support virulence in soft tissue infection. Each of the H66A and H142A lsp alleles were used to replace the chromosomally carried wild-type allele to construct strains whose virulence properties could be analyzed in the murine subcutaneous ulcer model in the absence of antibiotic selection. It was found that the H66A mutant, which has a reduced ability to promote growth under conditions of zinc starvation, was also highly attenuated in its ability to cause disease in cutaneous tissue. When examined at 3 days postinfection, fewer mice infected with the H66A mutant developed lesions than those infected with the wild type (P Ͻ 0.05), and for those mice in which lesions developed, these were significantly smaller (P ϭ 0.005) (Fig. 6) . Interestingly, the H142A mutant, which was relatively hyperresistant to zinc starvation, was also attenuated for soft tissue infection. Unlike the case for the H66A mutant, the number of mice that developed lesions following infection by the H142A mutant did not significantly differ from that for mice infected by the wild type (Fig. 6) . However, the lesions produced by the H142A mutant were significantly smaller than those generated by the wild type (P ϭ 0.0029) (Fig. 6 ). These data show that several site-specific modifications to Lsp that alter its function in zinc homeostasis are associated with an attenuated ability to cause disease in the murine model of soft tissue infection. Furthermore, they suggest that the primary contribution of Lsp to virulence is to promote zinc homeostasis in a zinc-restricted infectious milieu.
DISCUSSION
For most pathogens, metal homeostasis is accomplished through the action of a network of metal-sensing regulators of gene transcription that continually adjust the expression of genes encoding metal transporters. The transporters differ with respect to the species of metal transported, whether the metal is imported or exported, and the affinity at which the metal is recognized (14, 25, 29, 34, 64 ). In addition, pathogens often use the metal regulatory network to exploit differences in metal availability as a cue to distinguish between distinct host compartments for regulation of virulence gene expression (17, 26, 55) . Thus, identification and characterization of the various transporters, metal-sensitive regulators, and other components of a pathogen's metal regulatory network provide important insight into how that pathogen interacts with specific host tissues during the infection process.
In this study, we offer evidence that zinc homeostasis is critical for the establishment of a successful infection by S. pyogenes in the murine skin infection model and is mediated at least in part by the lipoprotein Lsp, which likely functions as the substrate-binding subunit of an ABC-type transporter. Our data suggest that the major contribution of Lsp to virulence lies in its ability to function in zinc homeostasis, particularly under conditions in which the availability of zinc is limiting. Consistent with previous data showing that lsp is highly upregulated during infection of soft tissue in the murine ulcer model of streptococcal infection (8), our observation that Lsp Ϫ mutants are attenuated in this model suggests that this host compartment becomes restricted for zinc over the course of infection.
The conclusion that the principal role for Lsp in virulence is to promote zinc homeostasis is supported by our observation that mutation of each of two histidine residues predicted to be involved in binding zinc altered how Lsp promoted growth under zinc-limiting conditions in vitro and resulted in an attenuated ability to produce disease in soft tissue. It has been previously reported that an Lsp-null mutant had a reduced ability to adhere to epithelial cells, suggesting that Lsp may act directly as an adhesin to recognize a host cell receptor (23) . It was also noted that the Lsp Ϫ mutant had reduced expression of several virulence factors, including PrtFII, a fibronectin-binding adhesin (23) . Thus, in addition to an alteration in zinc homeostasis, several other factors may have contributed to the attenuation observed in the present study, including the loss of an adhesive function promoted by Lsp itself and/or an indirect effect on expression of other virulence factors. Similar questions have been raised in regard to the contributions of other members of the cluster 9 family of ligand-binding lipoproteins to virulence (43) . In this regard, it is interesting to note that the S. pyogenes mutant expressing LspH142A is attenuated despite the fact that it is hyperresistant to zinc starvation. Since this mutant expresses a functioning protein, it is unlikely that attenuation could be the result of the loss of an adhesive function conferred by the direct recognition of Lsp by a host cell receptor, although the possibility of other zinc-independent effects for this mutant still exists. Similarly, because the LspH142A mutant can scavenge zinc under conditions that restrict growth of the wild-type strain, it is unlikely that attenuation resulted from a disruption of gene regulation caused by low intracellular levels of zinc. Rather, attenuation likely results from disruption of fine-tuned control over metal homeostasis. Studies of Escherichia coli have shown that bacterial cells accumulate zinc to concentrations in the millimolar range yet tolerate changes in the intracellular concentration of free zinc over only a femtomolar range (25, 62) . The observation that mutations in Lsp that render S. pyogenes hypo-and hyperresistant to zinc limitation both result in attenuation of virulence suggests that this bacterium cannot tolerate disruption of metal homeostasis while growing in the metal-limited milieu of host tissue. A
FIG. 6. Both hypo-and hyperresistant Lsp
Ϫ mutants are attenuated. The lspH66A and lspH142A alleles, hypo-and hyperresistant to zinc starvation, respectively, were used to replace the chromosomal copy of lsp in the wild-type strain (WT). The virulence of the resulting mutants (LspH66A and LspH142A) was then compared with that of the wild type in the murine model of subcutaneous infection. The data shown are from two independent experiments. Each symbol represents the area of ulcer observed in an individual mouse, and the horizontal bar indicates the mean value obtained for the set of 10 mice. The mutants were both significantly less virulent than the wild type compared on the basis of lesion area (P ϭ 0.005 for LspH66A; P ϭ 0.003 for LspH142A).
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on February 20, 2013 by PENN STATE UNIV http://iai.asm.org/ similar mechanism may underlie the observation that S. pyogenes mutants defective in expression of PerR, a transcription repressor involved in the adaptive response to oxidative stress, are attenuated despite the fact that they are hyperresistant to peroxide stress (6) . Their attenuation is apparently the result of the dysregulation of zinc homeostasis caused by the derepression of pmtA, which encodes a membrane protein that functions to export zinc from the bacterial cell (6) . The mechanism by which the cluster 9 family of ABC-type permeases acquire and transport metal is not well understood, despite considerable study and the availability of several threedimensional structures (2, 48-51, 53, 65) . Thus, an interesting question concerns the molecular basis for the ability of LspH142A to promote hyperresistance to zinc starvation. The process of metal uptake requires that several steps be coordinated, including specific recognition of the metal ion by the ligand-binding protein, the docking of the ligand-binding protein with a transmembrane transporter complex, the release and transfer of the metal ion to the membrane complex, and the ATP-dependent transport of the metal ion across the membrane (18, 19, 36, 37) . While understanding of the detailed mechanism of these steps is gradually growing, there is a particular lack of mutational analyses directed at understanding how the ligand-binding proteins of the cluster 9 family recognize and release their metal ion substrates. However, analyses of the available three-dimensional structures have revealed that these ligand-binding components adopt a general "Cclamp" configuration in which a molecule of zinc is coordinately bound by three histidine residues in the cleft between the two arms of the clamp (2). Comparison of metal-bound and apo forms of ZnuA indicate that release of zinc is accompanied by a rotation of two histidine residues out of the metalbinding pocket, while the third histidine residue remains in place (82) . Since zinc can bind relatively well to two histidines, it is suggested that this rotation is required to facilitate zinc release (82) . Interestingly, for the hyperresistant LspH142A mutant, H142 corresponds to the nonrotating residue of ZnuA. Since it seems unlikely that the loss of any residue that is involved in coordinating the bound zinc ion would result in a higher affinity of initial binding, the hyperresistance phenotype of the LspH142A mutant may be due to an enhanced rate of release under the in vitro conditions employed for analysis. It is also interesting to note that the analysis of structural data has not yet revealed any clear molecular basis for the specificity of metal binding. This is illustrated in the cases of PsaA and the recently described cluster 9 family member AdcAII of S. pneumoniae (53) . Both of these proteins crystallized bound to zinc (48, 53, 65) . However, phenotypically, PsaA has been shown to contribute to transport of manganese rather than zinc (56) . While Lsp is structurally related to PsaA (see Fig. S1 in the supplemental material), the phenotypic data for Lsp presented in this study support zinc as a biological ligand. The totality of the evidence suggests zinc as the primary physiological ligand for Lsp, though interaction with other metals is still in question. The physiological ligand of AcdAII has not yet been determined.
The genomic locus encoding PsaA is typical of most ABCtype transporters and includes the genes encoding the ATPbinding protein and the integral membrane subunit (43) . However, the locus encoding Lsp is unusual, in that it is located in an operon along with a gene encoding a surface protein of the histidine triad family (phtD, SPy_2006). The histidine triad proteins were first identified in S. pneumoniae, and structural studies of the signature "pneumococcal histidine triad" motif (HXXHXH) have revealed that this motif can bind zinc (68, 69) . A recent report (61) shows a role in S. pneumoniae for Pht proteins in inhibiting surface deposition of complement involving interaction with complement factor H. An interesting possibility is that PhtD may interact with Lsp to promote zinc scavenging or perhaps may serve as an extracellular zinc reservoir. Future study should address the potential effects of lsp transcription upon phtD transcription and ultimate dependence upon interaction between the two for functional stability. Consequently, a portion of the phenotype observed for the Lsp Ϫ mutant could be the result of an effect upon PhtD, either in vitro or in vivo. For example, the partial complementation by ectopic wild-type Lsp in the Lsp-deficient mutant strains (Fig. 2) could be a manifestation of such an effect.
Another anomaly of the Lsp locus is that it also lacks the genes for the other subunits of an ABC-type transporter (8) . Similarly, the S. pyogenes genome contains a locus with a high level of homology to the Adc locus of S. pneumoniae that encodes an ABC-type transporter involved in zinc transport (Spr_1975-1978) (20) . Like in S. pneumoniae, the S. pyogenes Adc locus contains genes for the AdcR transcription regulator (SPy_0092) and the structural components of the transporter (SPy_0093 and SPy_0094), but unlike in S. pneumoniae, it lacks the gene for the cluster 9 family ligand-binding subunit. An open reading frame encoding a protein with high homology to AdcA of S. pneumoniae is found at a distal locus (SPy_0714, 61% identical and 76% similar) that also lacks any other components of an ABC-type transporter. This protein, in contrast to AdcA of S. pneumoniae, contains the N-terminal solutebinding domain and then an additional C-terminal fusion protein of unknown function, giving it a length of 515 amino acid residues compared to 311 for the AdcA protein. We have previously reported that these genes all have shared regulation as members of the AdcR regulon as confirmed by transcriptional studies (6) . This raises the interesting possibility that this AdcA-like protein and Lsp share the Adc-like transporter components; perhaps they do so simultaneously or perhaps the two-ligand binding proteins bind and transport zinc with different affinities, allowing the bacterium to swap these domains to fine-tune zinc homeostasis to match zinc demand with the available external pools of zinc in the dynamic host milieu. A swapping mechanism may also explain the unusual structure of the recently described AdcII locus of S. pneumoniae. While this gene cluster differs from the Lsp locus in that it contains a total of five open reading frames, one of these has high homology to phtD (53) . The locus also lacks any obvious candidates for the membrane components of an ABC-type transporter (53), suggesting that the AdcII cluster 9 family member may swap with another ligand-binding subunit to produce a functional transporter.
An adaptive response to alterations in the extracellular pool of zinc likely plays a key role in the ability of S. pyogenes to infect various tissues, as evidence is accumulating to suggest that the host actively modulates the concentration of free zinc in tissue compartments for defensive purposes. For example, human abscess fluid becomes limiting for the growth of Staph-ylococcus aureus and Candida albicans due to the restriction of zinc (1, 78) . In innate immunity, Toll-like receptor 4 has a recently described regulatory function in zinc homeostasis of mammalian cells, suggesting that the immune response takes an active role both in regulation of zinc availability and in the adaptation of immune cells for functioning in a zinc-restricted environment (45) . Also, the heterooligomer calprotectin, a human acute-phase reactant produced primarily by neutrophils, is an important proinflammatory protein that has been shown to bind zinc and may play a role in the regulation of zinc bioavailability (46, 73) . Given the importance of zinc and the restriction of zinc in the host's response against pathogens, further analysis of S. pyogenes zinc homeostasis mechanisms, including the contribution of Lsp, will reveal important new insight into the role of transition metals in host-pathogen interactions.
